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‘Crimson Seedless’ grapes (Vitis vinifera L.) do not develop adequate berry colour 26 
in different parts of the world including Australia and USA leading to serious economic 27 
losses to the growers. In the present study, various anthocyanins and flavonols were 28 
identified in the skin of the ‘Crimson Seedless’ grape berries using LC/PDA/ESI-MS and 29 
their changes in the berry skin during development and ripening of ‘Crimson Seedless’ 30 
grape berries were investigated during 2005-06 and 2006-07. Eleven anthocyanins and two 31 
flavonols were identified in the berry skin using LC/PDA/ESI-MS. Of the anthocyanins 32 
identified, four anthocyanins including cyanidin 3-O-(6″-O-acetyl)-glucoside, peonidin 3-33 
O-(6″-O-acetyl)-glucoside, malvidin 3-O-(6″-O-acetyl)-glucoside and malvidin 3-O-(6″-O-34 
coumaroyl)-glucoside were not reported earlier. During both the years, the concentration of 35 
the 3-O-glucosides of delphinidin, petunidin, peonidin, and malvidin as well as the acetyl 36 
and coumaroyl esters of the 3-O-glucosides of cyanidin, peonidin, and malvidin in the berry 37 
skin increased during berry development and ripening. During 2006-07, the concentration 38 
of cyanidin 3-O-glucoside in the berry skin increased during the early stages of berry 39 
ripening and subsequently declined till harvest while in 2005-06, the concentration 40 
increased during the initial phase of berry ripening and remained relatively stable thereafter 41 
till harvest. The concentration of total anthocyanins in the berry skin was higher during 42 
2006-07 as compared to 2005-06. During both years, the concentration of quercetin 3-O-43 
glucoside in the berry skin increased during berry development and ripening while the 44 
concentration of quercetin 3-O-glucuronide in the berry skin decreased during the same 45 
period.  To the best of our knowledge, this is the first report on the evolution of different 46 
anthocyanins and flavonols in the ‘Crimson Seedless’ berry skin during berry development 47 
and ripening. 48 
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1. Introduction 51 
Berry skin colour is an important quality parameter in table grapes (Mizuno et al., 52 
2006). In the USA, poor berry colour development in ‘Crimson Seedless’ grapes causes 53 
serious economic losses and leads to 30 per cent or more of the fruit being unharvested 54 
(Dokoozlian  et al., 1995). Additionally, in Western Australia, this cultivar does not 55 
develop desirable crimson red colour when grown in areas where high or low night 56 
temperatures prevail during berry development and ripening (Cameron, 2001). 57 
 Flavonoids are a group of polyphenolic compounds including anthocyanins, 58 
flavonols and flavan-3-ols (Montealegre et al., 2006), that are largely responsible for the 59 
development of colour in grape berries (Kanellis and Roubelakis-Angelakis, 1993). 60 
Although anthocyanins are the main compounds responsible for the colour development in 61 
the red grapes (Gao and Cahoon, 1995; Nunez et al., 2004) flavonols increase the colour by 62 
stabilizing the coloured form of the anthocyanin molecule through co-pigmentation 63 
(Boulton, 2001).  64 
The accumulation of anthocyanins in the berry skin occurs in three stages; 65 
beginning with an initial slow anthocyanin accumulation which is followed by a rapid 66 
increase, ending in a stabilisation stage before a decline at the end of ripening (Gholami, 67 
2004; Mateus et al., 2002). Flavonol concentrations in grapes were found to be highest at 68 
flowering followed by a decrease between flowering and berry set, and then they remained 69 
constant throughout berry development (Downey et al., 2003). 70 
The red cultivars of grape (V. vinifera L.) contain 3-O-monoglucosides of 71 
delphinidin, cyanidin, petunidin, peonidin and malvidin along with the glucoside esters of 72 
acetic, coumaric and caffeic acid (Regules et al., 2006). Diglucosides are distinctively 73 
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absent in the skin of berries of vinifera grapes (Mazza, 1995). The amount of anthocyanins 74 
present in the skin of the grape berries depends on the cultivar, maturity stage and seasonal 75 
conditions, production area, and cultural practices (Mazza and Miniati, 1993). The 76 
anthocyanin profiles of various V. vinifera cultivars have been reported such as 77 
‘Tempranillo’ (Hebrero et al., 1988), ‘Tannat’ (Neves et al., 2004), ‘Graciano’ (Nunez et 78 
al., 2004), ‘Cabernet Sauvignon’ and ‘Pinot noir’ (Wulf and Nagel, 1978), ‘Flame 79 
Seedless’, ‘Emperor’ and ‘Red Globe’ (Carreno et al., 1997), and ‘Crimson Seedless’ 80 
(Cantos et al., 2002). Further, the evolution of different anthocyanins during the ripening of 81 
the grape berries has been reported in a number of cultivars including ‘Cabernet 82 
Sauvignon’ (Regules et al., 2006; Ryan and Revilla, 2003), ‘Merlot’ (Regules et al., 2006), 83 
‘Syrah’ (Regules et al., 2006; Roggero et al., 1986), ‘Monastrell’ (Fernandez-Lopez et al., 84 
1992; Regules et al., 2006), ‘Tempranillo’ (Cacho et al., 1992; Ryan and Revilla, 2003), 85 
‘Touriga Nacional’ and ‘Touriga Francesa’ (Mateus et al., 2002), ‘Reliance’ (Vitis vinifera  86 
L. x V. labrusca L.) (Gao and Cahoon, 1995), ‘Moristel and Garnacha’ (Cacho et al., 1992) 87 
using High Performance Liquid Chromatography (HPLC). However, no information is 88 
available in the literature regarding the accumulation of different anthocyanins in the skin 89 
of Crimson Seedless grape berries during development and ripening. 90 
The 3-O-glucosides of kaempferol, quercetin and myricetin are the major flavonols 91 
present in red grapes and of these, quercetin 3-O-glucoside and quercetin 3-O-glucuronide 92 
are dominant (Cheynier and Rigaud, 1986). Flavonol composition in ripe berries has been 93 
reported in the cultivars ‘Cinsault’ (Cheynier and Rigaud, 1986) and ‘Crimson Seedless’ 94 
(Cantos et al., 2002) and their evolution during berry development has been reported only 95 
in ‘Shiraz’ and ‘Chardonnay cultivars’ (Downey et al., 2003). To the best of our 96 
knowledge, no research has been reported on the evolution of flavonols in ‘Crimson 97 
Seedless’ grape berries during development and ripening. 98 
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 Cantos et al. (2002) reported the presence of 3-O-monoglucosides of delphinidin, 99 
cyanidin, petunidin, peonidin, and malvidin as the major anthocyanins and quercetin 3-O-100 
glucoside and quercetin 3-O-glucuronide as the main flavonols in the skin of the ‘Crimson 101 
Seedless’ grape berries at harvest. However, the presence of acetyl ester of the 102 
monoglucosides in the grape berry skin has not been yet reported. As the V. vinifera 103 
cultivars are known to contain acetyl derivatives along with the 3-O-monoglucosides and 104 
their coumaroyl esters, a further research is needed to fully characterize the anthocyanin 105 
profile in the skin of ‘Crimson Seedless’ berries. It is envisaged that the comprehensive 106 
knowledge of accumulation of individual anthocyanins in the berry skin is essential to the 107 
understanding of colour development (Gao and Cahoon, 1995). These observations 108 
prompted to investigate the anthocyanin profile and the patterns of accumulation of 109 
individual anthocyanins and flavonols in the skin of ‘Crimson Seedless’ berries during 110 
berry development and ripening.  111 
2. Materials and methods 112 
2.1. Plant materials 113 
Seven years old ‘Crimson Seedless’ (V. vinifera L.) vines grafted on Ramsey rootstock 114 
growing in the commercial vineyard located in Swan valley (latitude -31°51΄; longitude 115 
115°59΄), Western Australia were used for the experiment during 2005-06 and 2006-07. 116 
The soil was classified as Cruse sand loam. The grapevines were spaced 3.3m between 117 
the rows and 2.7m within the vines and directed east- west. The vines were pruned in 118 
early September and gibberellic acid (GA3) at the concentration of 1 mg L-1 was applied 119 
when bunches were 40-80 % in flower. All the shoots were tipped 20 and 60 days after 120 
flowering. Bunch size was adjusted to 80-100 berries per bunch at fruit set and crop load 121 
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was adjusted after fruit set to 35-40 bunches per vine. Grapes were harvested when sugar: 122 
acid ratio exceeded 30:1 and bunches had acceptable crimson red colour.  123 
2.2. Sampling 124 
One hundred berries were randomly collected from bunches of whole grapevine at 10- day 125 
intervals commencing from one week before veraison till ripening. On the same day the 126 
berries were peeled manually and the skin was stored at -20 ○C for later analysis of total 127 
anthocyanins and individual phenolics. Single grapevine was treated as an experimental 128 
unit and replicated four and three times during 2005-06 and 2006-07 respectively.  129 
 130 
2.3. Berry weight 131 
The sampled berries from each replication were weighed and average berry weight 132 
was calculated on each sampling date commencing from one week before veraison till 133 
harvest.  134 
 135 
2.4. Total anthocyanins 136 
  Berry skin anthocyanins were extracted in 100 mL aqueous methanol (95 %)/ 137 
concentrated HCl (97:3 v/v) by sonicating for an hour. The extract was centrifuged for 10 138 
minutes at 11180 g at 4 ○C and anthocyanin absorbance was determined from the 139 
supernatant solution at 520 nm using a UV/vis spectrophotometer (model 6405; Jenway 140 
spectrophotometer, Dunmow, Essex, UK). Total anthocyanin concentration was determined 141 
using the molecular weight of 449.2 g mol-1 and molar extinction coefficient of 23900 L 142 




2.5. Individual Phenolics  146 
2.5.1 Extraction of phenolic compounds 147 
 Phenolics were extracted from the berry skin (1.0 to 2.0 g ground in mortar and 148 
pestle in the presence of 300 mg acid washed white quartz sand (-50 + 70 mesh, Sigma-149 
Aldrich, Castle Hill, NSW, Australia)) using 10 mL solution of methanol/formic acid (97:3 150 
v/v). The extracts were centrifuged at 5000 g for 5 min, filtered through 0.45 µm membrane 151 
filters (Fluoropore™ Membrane filters, Millipore, Ireland) and analyzed by High 152 
Performance Liquid Chromatography (HPLC). 153 
 154 
2.5.2. Identification of anthocyanins and flavonols  155 
High Performance Liquid chromatography /photodiode array, electrospray mass 156 
spectrometry (LC/PDA/ESI-MS):  Analysis was performed on a ThermoFinnigan LCQ 157 
Deca XPplus instrument equipped with an ESI probe and surveyor LC pumps, autosampler 158 
and photodiode array detector (PDA). Chromatography was performed using a 159 
Phenomenex Hydro Synergi column (4 µ, 150 mm x 2.0 mm) with 5% formic acid in 160 
MilliQ water (solvent A) and 5% formic acid, 15% water and 80% acetonitrile (solvent B) 161 
as eluting solvents at a flow rate of 0.18 mL/min. The gradient program started at 10%B 162 
proceeding to 35% (35 min), 60% (60 min), held at 60% (60 min), 10% (61.01 min) and 163 
10% (70 min). The injection volume was 20 µL. Photodiode array detection was set at 350 164 
and 520 nm. MS and MS/MS analysis was performed in negative ion mode with the 165 
instrument parameters set as sheath gas flow 84 (arbitrary units), auxillary gas flow 20 166 
(arbitrary units), spray voltage 5 (V), capillary temperature 300 (ºC), capillary voltage -15 167 
(V), tube lens offset-30 (V), multipole 1 offset 5 (V), lens voltage 16 (V), multipole 2 offset 168 
7 (V), multipole RF amplitude 400 (V), entrance lens 60 (V). 169 
 170 
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2.5.3. HPLC quantification 171 
HPLC analysis was performed using a modification involving a Symmetry® C18 172 
column (3.9 x 150 mm i.d. 5 µm) and column temperature of 30°C  of the method 173 
previously described by Cantos et al. (2002). Briefly, 20 µl extract obtained as above was 174 
injected into the Waters HPLC system (Waters 1525 Binary HPLC pump fitted to Waters 175 
2487 Dual Wavelength Absorbance Detector and Waters 717 plus Autosampler; Waters 176 
Corp., Milford, Mass., USA). Separation was achieved on Symmetry® C18 column (3.9 x 177 
150 mm i.d. 5µm) proceeded by Symmetry C18 guard column of the same stationary phase. 178 
Both the column and the guard column were kept at 30 °C during analysis. The mobile 179 
phase consisted of HPLC grade methanol (solvent B) and 5 % (v/v) formic acid (solvent A) 180 
at a flow rate of 1 mL/minute. The gradient was according to the following programme: 181 
linear gradient from 2% B to 32% in 30 min, from 32 % to 40 % in 10 min, from 40 % to 182 
95 % in 10 min, isocratic at 95 % B for 5 min, from 95 % B to 2 % B in 5 min, and then 183 
isocratic for 10 minutes. Anthocyanidin 3-monoglucosides were quantified at 520 nm 184 
against there respective external standards, acylated anthocyanidin 3-monoglucosides were 185 
quantified at 520 nm as malvidin 3-glucoside equivalents and flavonols at 350 nm as 186 
quercetin 3-glucoside equivalents.    187 
 188 
2.6. Chemicals 189 
The standards used for HPLC including cyanidin 3-glucoside and peonidin 3-190 
glucoside (Polyphenols Laboratories, Sandnes, Norway), delphinidin 3-glucoside, petunidin 191 
3-glucoside, malvidin 3-glucoside chloride and quercetin 3-glucoside (Apin chemicals Ltd, 192 
Oxon, UK), Sand, white quartz (Sigma, Castle Hill, NSW, Australia). All the solvents used 193 
for HPLC analysis of phenolic compounds were of HPLC grade including methanol 194 
 9 
(Mallinckrodt chemicals, Phillipsburg, USA) and formic acid (Merck, Darmstadt, 195 
Germany).  196 
 197 
2.7. Statistical analysis 198 
The data were subjected to analysis of variance (ANOVA) using Genstat 9 release 199 
(Lawes Agricultural Trust, Rothamsted Experimental Station, UK) from each year. 200 
Experimental data were analysed by using one way ANOVA. The least significant 201 
differences (Fisher’s LSD) were calculated following significant F test (P ≤ 0.05). All the 202 
assumptions of analysis were checked to ensure the validity of statistical analysis. The data 203 
of two years were not pooled because error mean squares over years were heterogeneous. 204 
 205 
3. Results 206 
3.1. Berry growth  207 
With the onset of berry ripening, which corresponds to day 60 after full bloom in 208 
both the years, an increase in berry weight was observed. The berry weight increased from 209 
3.40 g berry-1 at veraison to 6.80 g berry-1  at approximately 40 days after veraison 210 
representing 100 % increase before ending at 6.46 g berry-1  at harvest, during the year 211 
2005 -06 (Fig. 2). During 2006 – 07, the berry weight increased gradually from 3.72 g 212 
berry-1 at veraison to 6.79 g berry-1 at approximately 30 days after veraison which 213 
represented an increment of 82.52 % before finishing at 7.04 g berry-1 at harvest. During 214 
2006-07, the berry weight increased during the early phase of the berry ripening and 215 
remained relatively constant near the harvest while in 2005-06, the berry weight decreased 216 
slightly at harvest. The trends in changes of berry weight during development and ripening 217 
were similar in both years (Fig. 2). 218 
 219 
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3.2. Changes in total anthocyanins  220 
Total anthocyanins in the berry skin increased at the onset of veraison, reached a 221 
peak level and remained comparatively stable till harvest (Fig. 3). The total anthocyanin 222 
levels in the berry skin varied during both years of experiment. During 2005-06 and 2006-223 
07, total anthocyanins gradually increased from 339 µg g-1 to 1157 and 211 µg g-1 to 2359, 224 
respectively. At harvest, the concentration of total anthocyanins in the grape berry skin was 225 
two- fold higher in 2006-07 than in 2005-06.   226 
 227 
3.3. Identification of anthocyanins and flavonols 228 
Typical LC chromatograms obtained with photodiode array detection at 520 and 229 
350 nm are shown in Fig. 1A and 1B. MS and MS-MS analysis confirmed the identity of 230 
the anthocyanins, and flavonols associated with the peaks appearing on the LC 231 
chromatograms. Table 1 shows the molecular ions and the fragment ions detected and 232 
associated with each peak. The anthocyanidin 3-O-monoglucosides including delphinidin 233 
3-O-glucoside (Dp3glc), cyanidin 3-O-glucoside (Cn3glc), petunidin 3-O-glucoside 234 
(Pt3glc), peonidin 3-O-glucoside (Pn3glc) and malvidin 3-O-glucoside (Mv3glc) were 235 
identified on the basis of retention times by comparison with authentic standards, and 236 
confirmed using LC/PDA/ESI-MS. The identity of the acylated forms of these 237 
monoglucosides namely cyanidin 3-O-(6″-O-acetyl)-glucoside (Cn3Acglc), peonidin 3-O-238 
(6″-O-acetyl)-glucoside (Pn3Acglc), malvidin 3-O-(6″-O-acetyl)-glucoside (Mv3Acglc), 239 
cyanidin 3-O-(6″-O-coumaroyl)-glucoside (Cn3Cmglc), peonidin 3-O-(6″-O-coumaroyl)-240 
glucoside (Pn3Cmglc), and malvidin 3-O-(6″-O-coumaroyl)-glucoside (Mv3Cmglc) was 241 
confirmed using LC/PDA/ESI-MS. Delphinidin 3-O-(6″-O-acetyl)-glucoside, delphinidin 242 
3-O-(6″-O-coumaroyl)-glucoside and peonidin 3-O-(6″-O-caffeoyl)-glucoside were 243 
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suspected to be present in small quantities but the levels were too low for absolute 244 
confirmation. Eleven different anthocyanins including the monoglucosides and their 245 
acylated forms were identified in the Crimson Seedless grape skin extract but only nine of 246 
these were detected in quantifiable levels. 247 
The two flavonols detected, identified and quantified from the berry skin were the 248 
3-O-glucoside and 3-O-glucuronide of Quercetin (Table 1). 249 
 250 
3.4. Evolution of anthocyanidin 3-O-monoglucosides  251 
The evolution of Dp3glc, Pt3glc, Pn3glc, and Mv3glc in the grape berry skin was 252 
similar in both the years increasing throughout grape berry development and ripening 253 
whereas the changes in Cn3glc during berry ripening differed in both the years (Fig. 4). 254 
During 2005-06, the concentration of Cn3glc in the berry skin increased during the early 255 
phase of the berry ripening and subsequently remained relatively stable until harvest. 256 
However, during 2006-07, the concentration of Cn3glc in the berry skin increased during 257 
the early stages of berry ripening, reached a peak level and decreased thereafter till harvest. 258 
 259 
3.5. Evolution of acylated anthocyanins 260 
The concentrations of acyl derivates of the monoglucosides in the grape berry skin 261 
increased from veraison till ripening (Fig. 5). At harvest, the concentrations of the acylated 262 
anthocyanins in the berry skin were higher in 2006-07 than 2005-06. 263 
 264 
3.6. Evolution of flavonols 265 
The trends in accumulation of quercetin 3-O-glucoside (Q3glc) in the grape berry 266 
skin were similar between the two years (Fig. 6). During both the years, the concentration 267 
of Q3glc in the berry skin increased from veraison till approximately 30 days after 268 
 12 
veraison, followed by a decrease prior to an increase at harvest. However, at harvest, the 269 
level of Q3glc was higher in the year 2005-06 than in 2006-07. In both the years, the 270 
concentrations of quercetin 3-O-glucuronide (Q3glr) decreased during grape berry ripening 271 
prior to stabilization near the harvest (Fig. 6). At harvest, similar to Q3glc, the 272 
concentration of Q3glr in the berry skin was higher in 2005-06 than 2006-07. 273 
 274 
4. Discussion 275 
4.1. Berry growth 276 
As expected, the berry weight increased during the berry development and ripening 277 
phase during both the years but in 2005-06 the berry weight decreased slightly at harvest. 278 
Similarly increased berry weight during development and ripening has been reported in the 279 
literature (Dreier et al., 1998; Esteban et al., 1999; Rogiers et al., 2006) and some reports 280 
describe a decrease in berry weight close to the harvest (McCarthy, 1997; McCarthy, 1999). 281 
The rapid increase in berry weight during the post-veraison stage may be ascribed to the 282 
pericarp cell enlargement and the influx of solutes, particularly sugars and water, into the 283 
grape berry mainly through the phloem (Coombe, 1992; Creasy et al., 1993; Dreier et al., 284 
1998; Harries et al., 1968; Mullins et al., 1992; Rogiers et al., 2000; Winkler et al., 1974). 285 
Berry weight stabilization or a slight reduction in the weight at the later stages of berry 286 
ripening or at harvest may be attributed to the slow influx of solutes into the berry through 287 
the phloem as reported (Rogiers et al., 2006).  288 
 289 
4.2. Total anthocyanins  290 
The accumulation of total anthocyanins substantially increased in the skin of the 291 
‘Crimson Seedless’ grape berries during the ripening period. The concentrations of 292 
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anthocyanins in the skin of ‘Crimson Seedless’ berries increased from veraison till 293 
approximately 30 days after veraison, and remained relatively stable thereafter till harvest. 294 
Similarly, Pirie and Mullins (1980), reported that anthocyanins levels in the skin of Shiraz 295 
berries increased throughout berry ripening and became relatively stable near the harvest. 296 
However, Boss et al. (1996), Jeong et al. (2004) and Esteban et al. (2001) reported an 297 
increase in the anthocyanin accumulation in the skin of grape berries from veraison till 298 
harvest while Somers (1976) found a decrease in the anthocyanin concentration near the 299 
harvest. The variation in the concentration of total anthocyanins in the skin of the ‘Crimson 300 
Seedless’ berries between both years may be ascribed to the seasonal conditions 301 
particularly temperature during berry growth and development. Similarly Cacho et al. 302 
(1992) reported that the weather conditions heavily influence the anthocyanin content of the 303 
grape cultivars.  304 
 305 
4.3. Anthocyanins identified  306 
In the present study, eleven anthocyanins including the 3-O-monoglucosides of delphinidin, 307 
cyanidin, petunidin, peonidin, and malvidin as well as the acetyl and coumaroyl esters of 308 
Cn3glc, Pn3glc and Mv3glc were identified in the skin of the Crimson Seedless grape 309 
berries (Figures 1a, 3, 4 and Table 1). Previously seven anthocyanins have been reported in 310 
the skin of Crimson Seedless berries (Cantos et al., 2002). Our experimental data indicate 311 
the presence of four more anthocyanins in the skin of Crimson Seedless berries namely 312 
Cn3Acglc, Pn3Acglc, Mv3Acglc and Mv3Cmglc (Figures 1a, 4 and Table 1). The presence 313 
of anthocyanidin 3-O-monoglucosides along with their acyl derivatives in the berry skin 314 
have been demonstrated in different grape cultivars including Tempranillo, Garnacha and 315 
Cabernet Sauvignon (Arozarena et al., 2002), Shiraz (Boss et al., 1996),  Cabernet 316 
Sauvignon, Merlot, Syrah and Monastrell (Regules et al., 2006), and Cabernet Sauvignon 317 
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(Wulf and Nagel, 1978). On the other hand, Pinot noir completely lacks acylated 318 
anthocyanins (Fong et al., 1974; Wulf and Nagel, 1978). 319 
 320 
4.4. Anthocyanin profile 321 
In agreement with the findings of Cantos et al., (2002), Pn3glc was the major 322 
anthocyanin found in ‘Crimson Seedless’ berries which is contrary to the general 323 
perception that Mv3glc is the main anthocyanin of the grapes (Fernandez-Lopez et al., 324 
1992; Roggero et al., 1986). Cantos et al. (2002) reported that the concentration of Mv3glc 325 
and Dp3glc was higher as compared to Cn3glc and Pt3glc in the berry skin, respectively. 326 
Our experimental data indicate that, at harvest, the concentrations of Pt3glc in the berry 327 
skin were higher as compared to Dp3glc while the concentrations of Cn3glc and Mv3glc in 328 
the berry skin varied between both years. During 2006-07, the concentration of Mv3glc in 329 
the berry skin was higher than Cn3glc, similar to the results of Cantos et al. (2002) but the 330 
concentrations of these two anthocyanins in the berry skin were similar in 2005-06. It has 331 
been suggested that the anthocyanin profile of berry skin may be directly related to the 332 
intensity of colour as evident from the higher concentrations of the anthocyanins which are 333 
produced at the end of the biosynthetic pathway namely Pn3glc, Mv3glc and Pt3glc, these 334 
being predominant in the higher pigmented cultivars (Carreno et al., 1997; Fernandez-335 
Lopez et al., 1998). The concentration of Mv3glc was higher in the berry skin than Cn3glc 336 
during 2006-07 which was more highly pigmented than 2005-06. It has been reported that 337 
the cyanidin and peonidin levels are higher in red grape cultivars whereas delphinidin and 338 
malvidin levels are higher in black grapes [cited in Mizuno et al., (2006)]. Our data indicate 339 
that the colour of grape berries is related to the relative concentration of Cn3glc and 340 
Mv3glc in the grape berry skin. In the biosynthetic pathway it is known that cyanidin is a 341 
precursor to the other anthocyanidins and is converted into peonidin by the action of 3′-O-342 
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methyltransferase or into delphinidin by the action of 3′-hydroxylase. Delphinidin is further 343 
converted via petunidin to malvidin by the action of 3′5′-O-methyltransferase (Pomar et al., 344 
2005). In low pigmented cultivars, it has been hypothesized that there is a restricted activity 345 
of 5′-hydroxylase which results into lower concentration of trisubstituted anthocyanins 346 
(Fernandez-Lopez et al., 1998).  As the activity of the enzymes depends on the temperature, 347 
possibly the temperature differences between the years may be a cause of variation in the 348 
relative concentrations of Cn3glc and Mv3glc in the berry skin of ‘Crimson Seedless’ 349 
grapes (Figure 6 ). We have found that the concentrations of 3-O-monoglucosides in the 350 
‘Crimson Seedless’ berry skin were much higher as compared to their acyl derivatives. 351 
Similarly, a higher abundance of 3-O-monoglucosides in the total anthocyanin in the grape 352 
berry skin as compared to their esters has also been reported (Boss et al., 1996; Pomar et 353 
al., 2005; Regules et al., 2006).  354 
 355 
4.5. Evolution of anthocyanidin 3-monoglucosides 356 
The evolution of Pt3glc, Pn3glc, and Mv3glc was similar during both the years, 357 
increasing throughout berry ripening. Similar trends in the concentrations of these 358 
anthocyanins in berry skin during ripening in various grape cultivars have also been 359 
reported (Boss et al., 1996; Cacho et al., 1992; Esteban et al., 2001; Fernandez-Lopez et al., 360 
1992).  361 
 During 2006-07, the concentration of Cn3glc in the berry skin increased for a few 362 
weeks after veraison and subsequently decreased till harvest. Likewise, Roggero et al. 363 
(1986), Cacho et al. (1992) and Esteban et al. (2001) reported similar trends and found an 364 
increase in the concentration of Cn3glc during the early stages of berry ripening followed 365 
by a gradual decline in the berry skin of different grape cultivars. The decrease in Cn3glc 366 
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may be due to its continued transformation into more stable pigments including Pn3glc and 367 
Mv3glc and marks the end of anthocyanin biosynthesis in the grape berry skin (Roggero et 368 
al., 1986). Nevertheless, Fernandez-Lopez et al. (1992) reported a drop in the concentration 369 
of Cn3glc during the berry ripening before peaking at harvest. We did not find a similar 370 
drop in the concentration of Cn3glc during berry ripening in 2005-06 which may be 371 
ascribed to the variation in climatic condition prevailing during the experimental years 372 
(Figure 6).  373 
During 2006-07, the concentration of Dp3glc in the berry skin increased during the 374 
ripening phase. Likewise, continuous increase in the concentration of Dp3glc in the berry 375 
skin during berry ripening has been reported (Esteban et al., 2001; Fernandez-Lopez et al., 376 
1992). However, Roggero et al. (1986) reported that the concentration of Dp3glc in the 377 
grape berry increased during the early stages of berry ripening reached a maximum value 378 
and subsequently decreased till harvest due to its conversion into Pt3glc and Mv3glc by the 379 
action of methyl transferases.  380 
Figure 3 shows a large increase in most anthocyanins from days 20 to 30 in 2006-381 
07.  This phenomenon may possibly be ascribed to the lower temperature that prevailed 382 
during that period of berry maturation and ripening (Figure 6). It is generally known that 383 
grape berries develop more colour under cooler temperatures (Winkler et al. 1974).   384 
4.6. Individual anthocyanins in the skin from veraison to ripening 385 
  At the onset of ripening, the concentrations of Pn3glc and Cn3glc in the berry skin 386 
were higher as compared to the other anthocyanins including Mv3glc. As the ripening 387 
progressed, the concentration of Mv3glc increased and became similar or even higher than 388 
Cn3glc. Possibly, at the initiation of berry colour development, the activity of flavonoid 3′, 389 
 17 
5′-hydroxylase is much lower as compared to flavonoid 3′-hydroxylase which resulted in 390 
the partial blockage of the anthocyanin biosynthetic pathway leading to the formation of 391 
trisubstituted anthocyanins. With the advancement of the ripening, the activity of this 392 
enzyme may have increased resulting in higher concentration of trisubstituted anthocyanins 393 
particularly Mv3glc as compared to Cn3glc in the berry skin. Nevertheless, all the 394 
anthocyanins appeared in the grape berry skin at the commencement of veraison and has 395 
also been reported in other V. vinifera cultivars (cited in Gonzales-SanJose et al., (1990)).  396 
 397 
4.7. Evolution of acylated anthocyanins  398 
The combined concentration of Pn3Cmglc and Mv3Cmglc in the berry skin 399 
increased throughout ripening during both the years. During both years, the concentration 400 
of Cn3Cmglc and Pn3Acglc in the berry skin increased from veraison till harvest. Earlier, 401 
Fernandez-Lopez et al. (1992) and Boss et al. (1996) reported an increase in the 402 
concentrations of these acylated anthocyanins in the berry skin throughout berry ripening in 403 
different grape cultivars. 404 
In conclusion, eleven different anthocyanins and two flavonols were identified 405 
using LC/PDA/ESI-MS in the skin of the ‘Crimson Seedless’ grape berries. Peonidin 3-O-406 
glucoside was the major anthocyanin present in the skin of the grape berries. During both 407 
the years, the concentration of all anthocyanins increased in the berry skin during berry 408 
development and ripening. The concentration of Q3glc in the berry skin increased from 409 
veraison till harvest. However, the concentration of Q3glr in the berry skin declined during 410 
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CAPTION TO FIGURES 541 
Figure 1: HPLC- DAD chromatograms of skin extracts of ‘Crimson Seedless’ grapes; A: 542 
Anthocyanins at 520 nm; B: Flavonols at 350 nm. Peak 1: Delphinidin 3-O-glucoside; peak 543 
2: Cyanidin 3-O-glucoside; peak 3: Petunidin 3-O-glucoside; peak 4: Peonidin 3-O-544 
glucoside; peak 5: Malvidin 3-O-glucoside; peak 6: Peonidin 3-O- (6″-O- acetyl)-545 
glucoside; peak 7: Cyanidin 3-O-(6″-O- coumaroyl)-glucoside; peak 8: Peonidin 3-O- (6″-546 
O- coumaroyl)-glucoside; peak 9: Malvidin 3-O-(6″-O- coumaroyl)-glucoside; peak 10: 547 
Quercetin 3-O-glucuronide; peak 11: Quercetin 3-O-glucoside 548 
 549 
Figure 2: Changes in berry weight during berry development and ripening of ‘Crimson 550 
Seedless’ grapes; n = 3 replicates and 4 replicates during 2006-07 and 2005-06, 551 
respectively. Vertical bars represent standard error of means. LSD (P ≤ 0.05): (2006-07) = 552 
0.49; (2005-06) = 0.81 553 
 554 
 24 
Figure 3: Changes in the levels of anthocyanins in the skin of ‘Crimson Seedless’ grape 555 
berries during berry development and ripening. n = 3 replicates and 4 replicates during 556 
2006-07 and 2005-06, respectively. Vertical bars represent standard error of means. LSD (P 557 
≤ 0.05): Total anthocyanins:  (2006-07) = 1377.2; (2005-06) = 463.9; Pn3glc: (2006-07) = 558 
861; (2005-06) = 419.8; Cn3glc: (2006-07) = 182.9; (2005-06) = 57.57; Mv3glc: (2006-07) 559 
= 139; (2005-06) = 59.70; Pt3glc: (2006-07) = 25.98; (2005-06) = 10.25; Dp3glc: (2006-560 
07) = 21.06; (2005-06) = 7.26. 561 
 562 
Figure 4: Changes in the levels of acylated anthocyanins in the skin of ‘Crimson Seedless’ 563 
grape berries during berry development and ripening; n = 3 replicates and 4 replicates 564 
during 2006-07 and 2005-06, respectively. Vertical bars represent standard error of means. 565 
LSD (P ≤ 0.05): Pn3Cmglc + Mv3Cmglc: (2006-07) = 39.01; (2005-06) = 23.29; 566 
Cn3Cmglc: (2006-07) = 5.97; (2005-06) = 5.03; Pn3Acglc: (2006-07) = 6.29; (2005-06) = 567 
3.14 568 
  569 
Figure 5: Changes in the levels of flavonols in the skin of ‘Crimson Seedless’ grape berries 570 
during berry development and ripening; n = 3 replicates and 4 replicates during 2006-07 571 
and 2005-06, respectively. Vertical bars represent standard error of means, LSD (P ≤ 0.05): 572 
Q3glc: (2006-07) = 28.48; (2005-06) = 46.09; Q3glr: (2006-07) = 21.63; (2005-06) = 23   573 
 574 
Figure 6: Average daily temperature recorded from the Swan Valley experimental site in 575 

















































                                                                                                Fig. 2 (Brar et al.) 624 





























































































































































































































































































































































Table 1  757 
HPLC/PDA/MS anthocyanin and flavonol profile in the skin of ‘Crimson Seedless’ grape  758 
 759 
HPLC Compound      [M-H]-,        Fragment ions 760 
Peak        m/z  m/z 761 
 762 
1 Delphinidin 3-O-glucoside (Dp3glc)   463  301 763 
2 Cyanidin 3-O-glucoside (Cn3glc)    447  285 764 
3 Petunidin 3-O-glucoside (Pt3glc)    477  315 765 
4 Peonidin 3-O-glucoside (Pn3glc)    461  299 766 
5 Malvidin 3-O-glucoside (Mv3glc)    491  329 767 
6 Cyanidin 3-O-(6″-O-acetyl)-glucoside (Cn3Acglc)  489  447, 285 768 
7 Peonidin 3-O-(6″-O-acetyl)-glucoside (Pn3Acglc)  503  461, 299 769 
8 Malvidin 3-O-(6″-O-acetyl)-glucoside (Mv3Acglc)  533  491, 329 770 
9 Cyanidin 3-O-(6″-O-coumaroyl)-glucoside (Cn3Cmglc) 593  447, 285 771 
10 Peonidin 3-O-(6″-O-coumaroyl)-glucoside (Pn3Cmglc)  607  461, 299 772 
11 Malvidin 3-O-(6″-O-coumaroyl)-glucoside (Mv3Cmglc) 637  491, 329 773 
12 Quercetin 3-O-glucuronide (Q3glr)    477  301 774 
13 Quercetin 3-O-glucoside (Q3glc)    463  301 775 
